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Toll-like receptor 5 (TLR5), a member of Toll-like receptors (TLRs) family and is responsible for the
bacterial ﬂagellin recognition in vertebrates, play an important role in innate immunity. In the study, two
TLR5 genes of grass carp (Ctenopharyngodon idellus), named CiTLR5a and CiTLR5b, were cloned and
analyzed. Both CiTLR5a and CiTLR5b are typical TLR proteins, including LRR motif, transmembrane region
and TIR domain. The full-length cDNA of CiTLR5a is 3054 bp long, with a 2646 bp open reading frame
(ORF), 78 bp 50 untranslated regions (UTR), and 330 bp 30 UTR. The full-length cDNA of CiTLR5b is
3326 bp, with a 2627 bp ORF, 95 bp 50 UTR, and 594 bp 30 UTR. Phylogenetic analysis showed that
CiTLR5a and CiTLR5b were closed to the TLR5 of cirrhinus mrigala, cyprinus_carpio, and danio rerio.
Subcellular localization indicated that CiTLR5a and CiTLR5b shared similar localization pattern and may
locate in the plasma membrane of transfected cells. Real-time quantitative PCR revealed CiTLR5a and
CiTLR5b were constitutively expressed in all examined tissues, whereas the highest expressed tissue
differed. Following exposure to ﬂagellin and GCRV, CiTLR5a and CiTLR5b were up-regulated signiﬁcantly.
Moreover, the downstream genes of TLR5 signal pathway such as MyD88, NF-kB, IRF7, IL-1b, and TNF-a
also up-regulated signiﬁcantly, whereas the IkB gene was down-regulated, suggesting that CiTLR5a and
CiTLR5b involved in response to ﬂagellin stimulation and GCRV infection. The results obtained in the
study would provide a new insight for further understand the function of TLR5 in teleost ﬁsh.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
The grass carp (Ctenopharyngodon idellus) has been an impor-
tant aquaculture species in China for over 60 years, accounting for
more than 18% of total freshwater aquaculture production. The
production of grass carp reached 478.2million tons in 2012, making
it the most highly consumed freshwater ﬁsh worldwide [1]. How-
ever, disease outbreaks are frequently and resulted in huge eco-
nomic losses to the aquaculture of grass carp. The grass carp
haemorrhagic disease, caused by the grass carp reovirus (GCRV), is
one of the most serious diseases [2]. In the GCRV infected ﬁsh, gillshinese Academy of Sciences,and intestines are the organs that show haemorrhagic symptoms
[3]. The liver, spleen, kidney, intestine, and muscle are susceptible
to GCRV and had a higher number of viral RNA copies [4]. Never-
theless, no effective drugs or vaccines against GCRV were devel-
oped until now. Therefore, identiﬁcation of grass carp genes that
involved in innate immunity is important for antiviral drug devel-
opment and ﬁsh breeding programs.
Toll-like receptors (TLRs) family is an important class of pattern
recognition receptors (PRRs), which specifically recognize a series
of highly conserved pathogenic microorganism structures, termed
pathogen-associated molecular patterns (PAMPs) [5]. TLRs family is
the best understand receptors and play an important role in the
innate immunity of vertebrate and invertebrate [6]. TLRs are typical
type I transmembrane proteins that included three major domains:
tandem repeat leucine-rich repeat (LRR) motifs that identifies
PAMPs, a transmembrane region, and an intracellular Toll/IL-1
Table 1
Primers used in the study (enzyme cleavage site is underlined).
Primers Sequences (50 to 30) Usage
T5a-F TACCCCAACTGACTCTGAGAAG Tlr5a cDNA cloning
T5a-R TCTACAGGGATCTCACAATGGC
T5aI-F CTTGCTTTGCTCCCAGGTTCT Tlr5a 30-race
T5aI-R GTCCAGGAATATGAGTACGTGG Tlr5a 50-race
T5b-F GGCTGAAGGATTATTGAAGCGT Tlr5b cDNA cloning
T5b-R CAGCCCTATTGCTACATTTCC
T5bI-F CCCGCTGCCAGTGGATAAAGAC Tlr5b 30-race
T5bI-R CGAGACCGTGGACTACTTCTG Tlr5b 50-race
pTLR5a-F GGAGAATTCAATGGCAACAATACAC pEGFP-5a
pTLR5a-R TTAGGATCCCACTGCAGTGTCTG
pTLR5b-F TTCGAATTCAATGGGATTTACATTTAT pEGFP-5b
pTLR5b-R TCAGGATCCTACTGATGTGTTTGCA
Qt5a-F TGACGCAGCAAATGTTCAAGC qPCR of Tlr5a
Qt5a-R GAGAACCTGGGAGCAAAGCAA
Qt5b-F CATTATCTCATGTTTCCTATG qPCR of Tlr5b
Qt5b-R GTTGAAGATGTTAAGATTTTGC
Qb-actin-F AGCCATCCTTCTTGGGTATG qPCR of b-actin
Qb-actin-R GGTGGGGCGATGATCTTGAT
QMyD-F TGGAGGACTGTCGCCGAAATG qPCR of MyD88
QMyD-R TGTGGCCTCTGGACGAGTTTC
QIkB-F GGCAGATGTAAACGCAAAG qPCR of IkB
QIkB-R GCCGAAGGTCAGGTGGTA
QNF-kBF GGCAGATGTAAACGCAAAG qPCR of NF-kB
QNF-kBR GCCGAAGGTCAGGTGGTA
QIRF7-F GGTGGAAAGTGGGCGGTAT qPCR of IRF7
QIRF7-R TCGTTAGGGTGCTCGTTGA
QTNF-a-F CATCCATTTAACAGGTGCATAC qPCR of TNF-a
QTNF-a-R GCAGCAGATGTGGAAAGAGAC
QIL-1b-F GATTCGAAAGTTCGATTCAATCT qPCR of IL-1b
QIL-1b-R TTCAGTGACCTCCTTCAAGAC
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mission [7]. When the corresponding ligands were recognized by
TLRs, the subsequent signaling pathway was activated [8]. The
signaling pathway of TLRs was divided into two types: myeloid
differentiation primary response protein 88 (MyD88)-dependent
and MyD88-independent signaling pathway [9]. The MyD88-
dependent signaling pathway induced inﬂammatory-cytokine
production via NF-kB activation, whereas the MyD88-independent
signaling pathway leaded the production of interferon inducible
gene via interferon regulatory factor 3 (IRF3) [9].
Toll-like receptor 5 (TLR5), a member of TLRs family and is
responsible for the bacterial ﬂagellin recognition in vertebrates,
played an important role in the host defense against bacterial
pathogens [10]. After the ﬂagellin was recognized by TLR5, NF-kB
was activated through the MyD88-dependent signaling pathway,
and some inﬂammatory-cytokines such as IL-1 and TNF-a were
induced [11]. In mammalians, TLR5 was expressed in the surface of
many kinds of cells, such as intestinal epithelial cells, dendritic
cells, monocytes cells, and splenic macrophages and so on [12,13].
In teleost ﬁsh, two types of TLR5 were existed: the membrane form
of TLR5 (TLR5M) and the soluble form of TLR5 (TLR5S). Until now,
TLR5S was cloned from rainbow trout (Onchorhynchus mikiss) [14],
atlantic salmon (Salmo salar) [15], catﬁsh (Ictalurus punctatus) [16],
Japanese ﬂounder (Paralichthys olivaceus) [17], and gilthead seab-
ream (Sparus aurata) [18]. However, in zebraﬁsh (Danio rerio),
common carp (Cyprinus carpio), and Indian major carp (Cirrhinus
mrigala), only TLR5Mwas found [19,20]. The results obtained in the
above studies showed that TLR5 of teleost ﬁsh could also recognize
ﬂagellin of bacterial and activate the immunity response. However,
it is remain unknown that whether other ligands could be recog-
nized by TLR5 and the particular role of TLR5 in teleost ﬁsh was still
unclear.
In the study, two TLR5 genes of grass carp (C. idellus), named
CiTLR5a and CiTLR5b, were cloned and analyzed. The gene struc-
ture, tissue distribution, localization pattern, and the response to
ﬂagellin stimulation and GCRV infection were investigated. More-
over, the responses of the TLR5 downstream genes to ﬂagellin
stimulation and GCRV infection were also analyzed. Our study
would provide a new insight for further understand the function of
TLR5 in teleost ﬁsh.
2. Materials and methods
2.1. Ethical procedures
Animal experimental procedures were conducted under the
institutional guidelines of Hubei Province. The protocol was
approved by the committee of institute of hydrobiology, Chinese
Academy of Sciences (CAS). All surgery was performed under
eugenol anesthesia, and all efforts were made to minimize
suffering.
2.2. Experiment ﬁsh, sample collection, and virus exposure
Healthy grass carp at three months old were used in the study.
The grass carp, weighing about 2e4 g with an average length of
5 cm, were obtained from the Guanqiao Experimental Station,
institute of hydrobiology, CAS and acclimatized in aerated fresh-
water at 28 C for one week before processing. The ﬁsh were fed
with commercial feed twice a day, and the water was exchanged
daily. After no abnormal symptomwas observed, the grass carpwas
subjected to further study.
The virus exposure was conducted by feeding as follows. Dead
ﬁsh with apparent symptoms of GCRV infection were collected and
pestled together with an equal volume of 0.75% saline water, andthen mixed with an equal amount of commercial feed. The result-
ing feed mixture was used as the source virus. The experimental
group of ﬁsh was fed with the feed mixture on the ﬁrst day, then
with commercial feed on the other days. The temperature was
maintained at 26e28 C throughout the experiment.
Five uninfected ﬁsh were selected and samples from the gill,
spleen, liver, intestine, kidney, head kidney, heart, muscle, skin and
brain were prepared. RNA from these tissues was prepared to
analyze the tissue distribution of CiTLR5a and CiTLR5b. In addition,
kidney, gill, head, spleen and intestine samples were isolated from
ﬁve infected ﬁsh at 0e6 days post infection. RNA from these tissues
was prepared to analyze the response of CiTLR5a and CiTLR5b and
their downstream genes to GCRV infection.
2.3. Cloning the full-length cDNA of CiTLR5a and CiTLR5b
Total RNA was extracted from the tissues of healthy grass carp
using Trizol reagent (Invitrogen, USA). The ﬁrst-strand cDNA syn-
thesis was carried out using DNase I (Promega, USA)-treated total
RNA as a template and oligo (dT)-adaptor primer as the control for
the reverse transcriptase (TOYOBO, Japan). Speciﬁc primers
(Table 1) were designed according to the cDNA sequences of
zebraﬁsh TLR5a and TLR5b and the deduced cDNA sequences of
grass carp TLR5a and TLR5b. PCR ampliﬁcation was conducted us-
ing the above cDNA as a template and the following program: 94 C
for 2 min, 31 cycles of 94 C for 30 s, annealing at 60 C for 30 s, and
72 C for 1 min, followed by a ﬁnal extension at 72 C for 10 min.
The PCR products were gel puriﬁed, cloned into pMD18-T vector
(Takara, Japan), transformed into DH5a competent cells. The posi-
tive clones were picked and sequenced in both directions. The
coding sequences of CiTLR5a and CiTLR5b were obtained by
sequence assembly and the 50- and 30-untranslated region (UTR)
sequences were then obtained using a SMARTer™ RACE cDNA
Ampliﬁcation Kit (Invitrogen, USA) and a 50 RACE System for Rapid
Ampliﬁcation of cDNA Ends kit (Clontech, USA).
Fig. 1. Full length cDNA and deduced amino acid sequences of TLR5a (a) and TLR5b (b). The underlined amino acids indicated the LRR motifs, the double underlined amino acids are
LRR C-terminal motif, the amino acids with wave line are transmembrane region, and the boxed amino acids are TIR domain, respectively. The underlined and bold bases are poly
(A) signal sequence.
Fig. 1. (continued).
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The amino acid sequences of CiTLR5a and CiTLR5b were trans-
lated using the National Center for Biotechnology Information on-
line software. The conserved protein domains were predicated by
Simple Modular Architecture Research Tool (SMART). The align-
ment search tool Blastn (National Center for Biotechnology Infor-
mation) was used to search for homologous sequences of CiTLR5a
and CiTLR5b in GenBank. ClustalX2.0 was used to performmultiple
sequence alignments of CiTLR5a and CiTLR5b among different
species. DNASTAR was used to calculate the percentage homology
of different sequences. GeneDoc software was used to analyze theFig. 2. Genome structure and schematic diagram of TLR5a and TLR5b. (a) Genomalignment results. Phylogenetic tree was constructed using the
neighbor-joining method with Mega5.1 software, and analysis
reliability was assessed by 1000 bootstrap replicates.
2.5. Cells, plasmids construction, and transfection
C. idellus kidney (CIK) cells used in the study weremaintained in
TC199medium (Hyclone, USA) supplemented with 10% fetal bovine
serum (FBS) at 25 C.
To analyze the subcellular location of CiTLR5a and CiTLR5b
protein, DNA fragments that contained complete open reading
frame (ORF) of CiTLR5a and CiTLR5bwere ampliﬁed from grass carpic structure of TLR5a and TLR5b. (b) Schematic diagram of TLR5a and TLR5b.
Table 2
The identity between grass carp TLR5s and their homologues.
Homologues Identity (%)
TLR5a TLR5b
Ctenopharhyngodon idella-5a 100.0 81.7
Ctenopharhyngodon idella-5b 81.7 100.0
Cyprinus carpio AGH15501.1 80.0 72.3
Danio rerio precursor NP_00112 72.4 81
Cirrhinus mrigala AEQ92867.1 72.5 75.1
Ictalurus punctatus 1 AEI59668 54.5 55.2
Ictalurus punctatus 2 AEI59669 54.2 55.2
Oncorhynchus mykiss NP_001118216.1 49.0 50.1
Salmo salar AEE38253.1 48.0 49.1
Paralichthys olivaceus AEN71825.1 42.1 43.6
Plecoglossus altivelis altivel BAI68383.1 43.0 43.6
Takifugu rubripes AAW69374.1 41.8 42.4
Oreochromis niloticus AFP44844 41.6 41.7
Chelonia mydas EMP25733.1 40.4 39.7
Columba livia EMC90359.1 38.1 38.3
Numida meleagris AEK75350.1 38.0 38.8
Anser anser AFO83527.1 38.4 38.1
Perdix perdix AFQ40032.1 38.6 39
Phasianus colchicus AEK75349.1 38.2 39.1
Gallus gallus ACR26269.1 38.1 38.5
Gallus lafayetii ACR26270.1 38.2 38.6
Anas platyrhynchos AFJ04295.1 37.7 38.3
Meleagris gallopavo ADX33343.1 37.6 38
Tadorna tadorna AGR50898.1 37.7 38.3
Xenopus laevis NP_001088449.1 37.1 37.3
Sus scrofa AGT79978.1 36.8 38.4
Homo sapiens AB060695.1 35.2 36.6
Mus musculus NP_058624.2 36.6 37.7
Canis lupus familiaris ACG60715.1 35.8 36.5
Fig. 3. Phylogenetic analysis of grass carp TLR5a and TLR5b. Phylogenetic tree was constr
numbers of TLR5 homologues are given after the species names in the tree.
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sponding restriction enzymes and inserted into pEGFP-N3 (Clon-
tech, USA) vector that has been treatedwith the same enzymes. The
obtained plasmids were named as pEGFP-5a and pEGFP-5b. The
resulted plasmids were conﬁrmed by restriction enzymes and DNA
sequencing. The primers for the plasmids construction were listed
in Table 1.
Transfection was performed as descried previously [21]. Brieﬂy,
CIK cells that grown on coverslips in 6-well plates were transfected
with plasmid pEGFP-5a or pEGFP-5b by Lipofectamine 3000 re-
agent (Invitrogen, USA) according to the manufacturer's in-
structions. After 24 h post transfection, cells were ﬁxed with 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100, and
stained by Hoechst 33342. Finally, the cells weremountedwith 50%
glycerol and observed by ﬂuorescence microscope (Leica,
Germany).
2.6. Expression level of CiTLR5a and CiTLR5b in different tissues
Total RNA was extracted from nine tissues (gill, spleen, liver,
intestine, kidney, head kidney, heart, muscle, skin, and brain) of ﬁve
healthy grass carp, and reverse transcribed to obtain cDNA. cDNA
from the same tissues were mixed and served as the template for
Real-time quantitative PCR (qPCR), which was used to examine
CiTLR5a and CiTLR5b expression level in the different tissues. The
qPCR reaction mixture was as follows: 0.6 uL each of sense anducted by using the neighbor-joining method with Mega 5.1. The Genbank accession
Y. Jiang et al. / Fish & Shellﬁsh Immunology 44 (2015) 88e9994reverse primers, 1 uL template, 10 mL 2  SYBR mix (TOYOBO,
Japan), and 7.8 uL ddH2O. Three replicates were conducted for each
sample and b-actinwas used as an internal control. The program for
qPCR was as follows: 95 C for 10 s, 40 cycles of 95 C for 5 s, and
60 C for 20 s. All data are given as mean ± standard deviation of
three replicates. The qPCR primers for examination of CiTLR5a and
CiTLR5b expression level and the primers for b-actin are listed in
Table 1.
2.7. The response of TLR5s and TLR5 downstream genes after
ﬂagellin stimulation
CIK cells seeded in 6-well plates were stimulated with ﬂagellin
from Salmonella typhimurium (sigma, USA) at a concentration of
0.5 ug/ml. Cells were harvested at 0, 12, 24, 36, and 48 h post
stimulation. Total RNA was extracted from the harvested cells and
reverse transcribed to cDNA. The cDNAwere used as a template for
qPCR to determine the expression level of CiTLR5a and CiTLR5b.
The signal transmission of TLR5 via MyD88-dependent
signaling pathway and then activate the downstream genes. In
order to understand the response of TLR5 downstream genes after
ﬂagellin stimulation, the expression level of MyD88, IkB, NF-kB,
IRF7, IL-1b, and TNF-a before and after ﬂagellin stimulation was
also determined by qPCR. The program and reaction mixture for
qPCR were the same as above. The primers for the qPCR were
listed in Table 1. Data are also given as mean ± standard deviation
of three replicates. The significant difference between the control
(0 h) and treated groups at each time point (12, 24, 36, and 48 h
post stimulation) was determined by one-way ANOVA. Signiﬁ-
cance was set at p < 0.05.Fig. 4. Subcellular localization of CiTLR5a and CiTLR5b in CIK cells. Cells were transfected w
ﬂuorescence shows the distribution of EGFP or EGFP-tagged proteins, blue ﬂuorescence sh
objective). (For interpretation of the references to color in this ﬁgure legend, the reader is2.8. The response of CiTLR5 and TLR5 downstream genes after
exposure to GCRV
Total RNAwas extracted from four tissues (gill, liver, spleen, and
intestine) of ﬁve grass carp at 0e6 days post GCRV infection, and
then reverse transcribed to obtain cDNA. cDNA from the same tis-
sues were mixed and served as the template for qPCR, which was
used to examine the expression level of CiTLR5a, CiTLR5b, and TLR5
downstream genes (MyD88, IkB, NF-kB, IRF7, IL-1b, and TNF-a) in
the different tissues post GCRV infection. The program, reaction
mixture, and primers for qPCR were the same as above. Data are
also given as mean ± standard deviation of three replicates. The
significant difference between the control (0 day) and treated
groups at each time point (1, 2, 3, 4, 5 and 6 days post infection) was
determined by one-way ANOVA. Signiﬁcance was set at p < 0.05.
3. Result
3.1. Cloning and characterization of grass carp TLR5s
The full-length cDNA of two grass carp TLR5 genes, named
CiTLR5a and CiTLR5b, was obtained by PCR and RACE. The full-
length cDNA of CiTLR5a is 3054 bp long, with a 2646 bp ORF,
78 bp 50 UTR, and 330 bp 30 UTR (Genbank accession number:
KF736231) (Fig. 1a). The full-length cDNA of CiTLR5b is 3326 bp,
with a 2627 bp ORF, 95 bp 50 UTR, and 594 bp 30 UTR (Genbank
accession number: KF736232) (Fig. 1b). The genome DNA se-
quences of CiTLR5a and CiTLR5bwere obtained and compared with
the cDNA sequences, the result showed that only one exon was
found in CiTLR5a and CiTLR5b (Fig. 2a). Moreover, the genome DNAith plasmids and subjected to ﬂuorescence observation at 24 h post transfection. Green
ows the nucleus that stained by Hoechst 33342. Magniﬁcation  100 (oil-immersion
referred to the web version of this article.)
Fig. 5. Expression level of CiTLR5a (a) and CiTLR5b (b) in different tissues of grass carp.
RNA was isolated from liver, brain, gill, heart, head kidney, intestine, kidney, muscle,
and spleen and was reverse-transcribed into cDNA for qPCR analysis. The relative
expression is the ratio of gene expression in different tissues relative to that in the
liver. The b-actin gene was used as the internal control.
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reference genome (Bioproject: PRJNA39737, unpublished data), the
result showed that CiTLR5a and CiTLR5b located in the same contig
and at a distance of 6944 bp (Fig. 2a).
The amino acid sequences of CiTLR5a and CiTLR5b were
analyzed and the results revealed that both of them are membrane
form of TLR5. CiTLR5a contained 12 LRR motifs, a LRR-CT motif, a
low complexity region, a transmembrane region, and a TIR domain.
CiTLR5b included 12 LRR motifs, a LRR-CT motif, a transmembrane
region, and a TIR domain. The schematic diagrams of CiTLR5a and
CiTLR5b were shown in Fig. 2b.
3.2. Homology and phylogenetic analysis of TLR5s
To determine the identities between grass carp TLR5s and other
TLR5 genes, the TLR5 homologous from teleost ﬁsh (including C.
carpio, D. rerio, C. mrigala, I. punctatus, Oncorhynchus mykiss, S. salar
and so on), aves (including Columba livia, Numida_meleagris, and
Anser_anser), repitilia (Chelonia mydas), amphibia (Xenopus_laevis),
and mammalia (including Sus scrofa, Homo sapiens, Mus musculus,
and Canis lupus familiaris) were compared with grass carp TLR5s
and the results were shown in Table 2. CiTLR5a and CiTLR5b
showed the highest identities with the homologous from teleost
ﬁsh (identity > 41.6%). The identities between grass carp TLR5s and
the C. mydas TLR5 were 40.4% and 39.7%. CiTLR5a and CiTLR5b
showed ~38% identities with TLR5s from aves. In addition, the
identities between grass carp TLR5s and mammalia TLR5s ranged
from 35.2% to 38.4%.
Phylogenetic tree was constructed to determine the evolu-
tionary status of grass carp TLR5s. As shown in Fig. 3, the phylo-
genetic tree could be divided into two branches: TLR5 genes from
the teleost ﬁsh fell into one branch; TLR5 genes from mammalia,
repitilia, aves, and amphibia fell into another branch. CiTLR5a and
CiTLR5b were close to TLR5 from C. mrigala, C. carpio, and D. rerio in
the phylogenetic tree (Fig. 3).
3.3. Subcellular localization of TLR5s
To investigate the subcellular localization of TLR5 proteins and
the difference between CiTLR5a and CiTLR5b, CIK cells were
transfected with plasmid pEGFP-5a or pEGFP-5b and subjected to
ﬂuorescence observation at 24 h post transfection. The empty
plasmid pEGFP-N3 was transfected at the same time as a negative
control. As shown in Fig. 4, green ﬂuorescence of 5a-EGFP distrib-
uted in the cytoplasm of transfected cells and presented as ﬁliform
or reticulation, suggesting that 5a-EGFP may locate in the plasma
membrane of CIK cells. 5b-EGFP showed similar localization
pattern to 5a-EGFP. As a control, the naked EGFP distributed uni-
formity in the whole cells (Fig. 4).
3.4. Expression of TLR5s in different tissues
qPCRwas carried out to study the tissue distribution of grass carp
TLR5s in different tissues. As shown in Fig. 4, CiTLR5a and CiTLR5b
were constitutively expressed in all the nine examined tissues.
CiTLR5a was highly expressed in head kidney and kidney, but was
lowly expressed in liver, brain, intestines, and spleen. Expression of
CiTLR5b was higher in gill, heart, head kidney, kidney, and muscle,
and was also lower in liver, brain, intestines, and spleen (Fig. 5).
3.5. Expression of TLR5s and TLR5 downstream genes after ﬂagellin
stimulation
In order to understand the response of CiTLR5a, CiTLR5b, and
their downstream genes after ﬂagellin stimulation, total RNA fromthe cells that stimulated by ﬂagellin and harvested at different time
points was extracted for qPCR analysis. As shown in Fig. 6,
compared with the control (0 h), expression level of CiTLR5a and
CiTLR5b was signiﬁcantly up-regulated following ﬂagellin stimu-
lation (p < 0.05). The response pattern of CiTLR5a and CiTLR5b was
similar, but the absolute mRNA expression level and durations
differed (p < 0.05). Moreover, the response of TLR5 downstream
genes such as MyD88, IkB, NF-kB, IRF7, IL-1b, and TNF-a was also
investigated. Expression level of MyD88, NF-kB, IRF7, IL-1b, and
TNF-awas also signiﬁcantly up-regulated after exposure to ﬂagellin
(p < 0.05). However, the expression level of IkB, an inhibitor of NF-
kB, was down-regulated (p < 0.05) (Fig. 6).
3.6. Expression of TLR5s and TLR5 downstream genes in response to
GCRV infection
To reveal the response of CiTLR5a and CiTLR5b after exposure
to GCRV, total RNA was extracted from four tissues (gill, liver,
spleen, and intestine) of ﬁve grass carp at 0e6 days post GCRV
infection and reverse transcribed for qPCR analysis. As shown in
Fig. 7, compared with the control (0 day), the expression of CiT-
LR5a and CiTLR5b was signiﬁcantly altered in gill, liver, spleen, and
intestine kidney following GCRV infection. The overall expression
patterns were similar for CiTLR5a and CiTLR5b genes, but the
Y. Jiang et al. / Fish & Shellﬁsh Immunology 44 (2015) 88e9996absolute mRNA expression level and durations differed. The
expression level of CiTLR5a and CiTLR5b was signiﬁcantly up-
regulated in the liver at ﬁrst days post infection (p < 0.05). At
the 3e5 days post infection, expression level of CiTLR5a and
CiTLR5b was evidently increased in intestine (p < 0.05). However,
the expression level of CiTLR5b was decreased in some tissues
after GCRV infection (p < 0.05) (Fig. 7).Fig. 6. Expression level of CiTLR5a, CiTLR5b, and TLR5 downstream genes after ﬂagellin stim
36, and 48 h and was reverse-transcribed into cDNA. The expression level of CiTLR5a (a), CiT
by qPCR. The relative expression is the ratio of gene expression after exposure to ﬂagellin (
Significant difference (p < 0.05) between the control and treated group was indicated withIn addition, the expression level of MyD88, IkB, NF-kB, IRF7, IL-
1b, and TNF-a before and after GCRV infectionwas also determined
by qPCR. As shown in Fig. 5, expression of MyD88, NF-kB, and IRF7
was up-regulated in different tissues after exposure to GCRV
(p< 0.05), whereas expression level of IkBwas decreased (p < 0.05).
Moreover, expression of IL-1b and TNF-a was signifantly up-
regulated in all the four tissues at the ﬁrst day after GCRVulation. RNAwas isolated from cells after ﬂagellin stimulation and harvested at 0, 12, 24,
LR5b (b), MyD88 (c), NF-kB (d), IkB (e), IRF7 (f), IL-1b (g), and TNF-a (h) was determined
12, 24, 36, and 48 h) to that in the control group (0 h), normalized to the b-actin gene.
asterisks (*).
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induced (Fig. 7).
4. Discussion
There are two types of TLR5 existed in teleost ﬁsh: the mem-
brane form of TLR5 (TLR5M) and the soluble form of TLR5 (TLR5S).Fig. 7. Expression level of CiTLR5a, CiTLR5b, and TLR5 downstream genes in response to G
GCRV at 0, 1, 2, 3, 4, 5, and 6 days and was reverse-transcribed into cDNA. The expression lev
(h) was determined by qPCR. The relative expression is the ratio of gene expression after e
tissue, normalized to the b-actin gene. Significant difference (p < 0.05) between the controThe TLR5M of teleost ﬁsh was orthologous to TLR5 of mammalians,
which contained LRR motifs, transmembrane region, and TIR
domain. However, only LRR motifs were found in TLR5S, which was
only presented in some teleost ﬁsh [22]. In the study, two TLR5
genes were cloned from grass carp. Both of them included LRR
domain, transmembrane region, and TIR domain, so they are
membrane form of TLR5. By homology search in then referenceCRV infection. RNA was isolated from gill, liver, spleen, and intestine after exposure to
el of CiTLR5a (a), CiTLR5b (b), MyD88 (c), NF-kB (d), IkB (e), IRF7 (f), IL-1b (g), and TNF-a
xposure to GCRV (1, 2, 3, 4, 5, and 6 days) to that in the control group (0 day) at same
l and treated group was indicated with asterisks (*).
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detected. Previous study showed that only membrane form of TLR5
was found in zebraﬁsh (D. rerio), common carp (C. carpio), and In-
dian major carp (C. mrigala) [19,20]. Grass carp, zebraﬁsh, common
carp, and Indian major carp belong to the cyprinidae family, and
then the soluble form of TLR5 may not be existed in grass carp.
However, further research is needed for confirmation.
Both TLR5M and TLR5Swere existed in rainbow trout (O. mikiss).
The study of TLR5 in rainbow trout revealed that ﬂagellin could be
recognized by TLR5M, and then NF-kB was activated to induce
immune responsive genes and TLR5S. Furthermore, the induced
TLR5S could recognize ﬂagellin in ﬂuid phase and bind to TLR5M to
amplify the signaling cascades [14]. Compared with the terrestrial
animals, the survival environment of ﬁsh is more complex and di-
versity [22]. The two forms of TLR5 may be a beneﬁcial strategy for
teleost ﬁsh to adapt the complex environment. Although no TLR5S
was found in grass carp and zebraﬁsh, two copies of TLR5M were
existed. The two copies of TLR5 genes in grass carp and zebraﬁsh
may be an altered strategy for them to adapt the complex envi-
ronment. CiTLR5a and CiTLR5b had similar structure and localiza-
tion pattern. Moreover, both CiTLR5a and CiTLR5b could response
to ﬂagellin stimulation and GCRV infection quickly and induced
downstream immune response. These results suggested that CiT-
LR5a and CiTLR5b may have similar function.
In mammalians, TLR5 could recognize ﬂagellin and via the
MyD88-dependent signaling pathway to induce immune response
[23]. In order to investigate whether TLR5s of grass carp had similar
functions in signal transmission and ligand recognition, CIK cells
were stimulated by ﬂagellin from S. typhimurium and the response
of TLR5s and their downstream genes were determined by qPCR.
Expression level of CiTLR5a, CiTLR5b, and their downstream genes
such as MyD88, NF-kB, IRF7, IL-1b, and TNF-a were up-regulated,
whereas the expression level IkB gene was down-regulated.
These results suggested that TLR5s of grass carp may have similar
functions to TLR5 of mammalians in signal transmission and ligand
recognition.
Interestingly, expression level of CiTLR5a and CiTLR5b was up-
regulated after GCRV infection. In addition, expression level of
TLR5 downstream genes such as MyD88, NF-kB, IRF7, IL-1b, and
TNF-a also up-regulated. Especially the IL-1b and TNF-a, which
were up-regulated signiﬁcantly in the ﬁrst day after GCRV infection.
GCRV belongs to the Reoviridae family, which contains double-
strands RNA and two capsid layers [24]. In TLRs, the recognition
of double-strands RNA was mediated by TLR3, which activated the
NF-kB and other downstream genes via the MyD88-independent
signaling pathway [25,26]. In our study, the up-regulation of
TLR5s and their downstream genes may be due to the signaling
feedback system. Similar phenomenon was also observed in TLR4,
TLR7, TLR8, and TLR22 of grass carp, which were also up-regulated
after GCRV infection [27e30].
In conclusion, twoTLR5 genes were cloned from grass carp. Both
of them are membrane form of TLR5 and shared similar structure
and localization pattern. CiTLR5a and CiTLR5b were constitutively
expressed in all examined tissues, but the highest expressed tissue
was different. After exposure to ﬂagellin and GCRV, CiTLR5a,
CiTLR5b and their downstream genes such as MyD88, NF-kB, IRF7,
IL-1b, and TNF-a were up-regulated in different tissues. Our study
would provide a new insight into the understanding of TLR5 in
teleost ﬁsh.
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